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(57) Abstract: A Raman amplifier comprising a 
microstructured fiber and at least one pump laser, optically 
connected to one end of the microstructured fiber. The 
pump laser is adapted for emitting a pump radiation at 
a wavelength Xp, and the microstructured fiber comprises 
a silica-based core suirounded by a plurality of capillary 
voids extending in the axial direction of the fiber. The 
core of microstructured fiber further comprises at least 
one dopant added to silica, said dopant being suitable for 
enhancing Raman effect. 
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RAMAN AMPLIFICATION USING A MICROSTRUCTXJRED FIBER 



The present invention relates to a fiber Raman amplifier using a microstructured 
fiber and to a microstructured fiber suitable for Raman amplification. In particular, 
5 the present invention relates to a lumped fiber Raman amplifier and to a 
microstructured fiber suitable for a lumped fiber Raman amplifier. 

Rber Raman amplifiers have been attracting a great attention, because of their 
capability to increase the transmission capacity. Raman amplifiers offer several 
advantages, such as a low noise, a greater flexibility in choosing the signal 
1 0 wavelength and a flat and broad gain bandwidth. The greater flexibility In choosing 
the signal wavelength mainly depends on the fact that the Raman peak of a 
material, exploited for the amplification of the signal, is dependent practically only 
on the pump wavelength, differently from what happens for example In erbium- 
doped fiber amplifiers, in which the choice of the signal wavelength is restricted by 
15 the stimulated emission cross-section of erbium. The broad gain bandwidth of 
Raman amplifiers can be much enlarged, for example by using multiple pump 
sources. Such a broad gain bandwidth may represent a way to extend the usable 
optical bandwidth outside the conventional Oband and the extended L-band of the 
erblunrwloped fiber amplifiers. Lumped Raman amplifiers may also play an 
20 important role to compensate for not only the fiber attenuation but also losses of 
other optical components, such as connectors, switches, splitters and so on. 

Up to now, dispersion compensating fibers (DCF) or, more generally, fibers having 
a high non-linearity have been proposed for realizing fiber Raman amplifiers. For 
example, T. Tsuzaki et al., in "Broadband Discrete Rber Raman Amplifier with 
High Differential Gain Operating Over 1.65 jun-band", OFC2001 MA3-1. describe 
a high differential-gain (0.08 dB/mW), low-noise (<5.0dB), broadband (30 nm) and 
flat-gain (< ± IdB) fiber Raman amplifier operating over the 1.65 iim-band which 
employs a low-lossy highly nonlinear fiber (HNLF) and a broadened pump light 
source. The fiber has a transmission loss of 0.49 dB/km at 1.55 jim and of 0.47 
dB/km at 1.65 ^im, an effective area Aeff of 10.10 \xm^ at 1.55 fim, a dispersion of 
1.79 ps/nm/km at 1.55 fim. a An of 3.10% and a ratio g^JA^n of 6.50-10^ 1/Wm. 
Fig.1 of the article shows an attenuation at a wavelength of 1450 nm of about 0.7 
dB/km. 

CONFIRMATION COPY 
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In order to evaluate the Raman amplification characteristics free from the influence 
of the fiber lengthy the authors of the article use the following figure of merit 

FOM = (gR/Ae«)/cxp [IJ 

where (gR/Aeff) and Op are the Raman gain coefficient and the fiber attenuation at 
5 the pump wavelength. With 1450 nm pumping, the FOM is estimated to be 9.3 
1/W/dB. If the pumping wavelength is set to 1550 nm, the FOM becomes as high 
as 13.2 1/W/dB. 

Recently there has been a great interest in fiber structures that incorporate 
numerous air holes sun'ounding a solid silica core. These air-silica microstaictured 
10 fibers, similar to earlier single-material optical fibers, guide light within the core as 
a result of the index difference between the silica core and the air-silica cladding. 
Microstructured fibers are also Icnown in the art as "photonic crystal fibers" or as 
"holey fibers". 

For example, JA West et aL, "Photonic Crystal Rbers". ECOC 2001, Th A 2.2, 
15 review various types of air-silica microstructure fibers, such as effective-index 
photonic crystal fibers (EI-PCF), air-clad core fibers and photonic band-gap fibers 
(PBGF). EI-PCFs are typically made from a hexagonal lattice of circular air 
columns in which the periodicity is relatively uniform. Losses as low as 2.6 dB/km 
are reported for this kind of fiber by the authors. Air-clad core fibers contains only 
20 a single ring of holes. The justification for removing the outer layers of holes is that 
in the limit in which the wavelength is large compared to the distance among the 
holes A, the fiber behaves very much like an equivalent step-index fiber. When the 
air holes are very large this fiber becomes essentially a silica rod in air and thin 
silica struts, whose purpose is simply to support the core, can replace the periodic 
25 lattice of air holes. Typical losses of 5-1 0 dB/km are reported for this kind of fibers 
by the authors. PBGF relies completely on the physics of photonic band-gaps for 
waveguiding and allows true guidance in low index cores. 

ly^lcrostructured fibers can differ significantly from conventional optical fibers, 
allowing for properties that cannot be realized In standard fibers. 

30 For example, J.K. Ranka et al., in "Visible continuum generation In alr-siltea 
microstructure optical fibers with anomalous dispersion at 800 nnf , Optics Letters, 
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Vol.25 No.1. pag.25-27 (2000) disclose that alr-silica microstructure optical fibers 
can exhibit anomalous dispersion at visible wavelengths. They exploit this feature 
to generate an optical continuum 550 THz in width, extending from the violet to the 
infrared, by propagating pulses of 100-fs duration and Iciiowatt pealc powers 
5 through a microstructure fiber near the zero-dispersion wavelength. 

Microstructured fibers with doped cores have been proposed. For example, patent 
US 5,802,236 to Lucent Technologies Inc. discloses a fiber having a solid silica 
core region that is surrounded by an inner cladding region and an outer cladding 
region. The cladding regions have capillary voids extending in the axial fiber 
10 direction, with the voids in the inner cladding region having a larger diameter than 
those in the outer cladding region. Applications disclosed in '236 patent of the 
microstmctured fiber comprise all-optical non-linear Ken- switching in a fiber having 
a photosensitive core, using a Bragg or long period grating. Such fiber exemplarily 
has a Ge, B, or Sn-doped core. 

15 In another example, C.E. Kerbage et al., in "Experimental and scalar beam 
propagation analysis of an air-silica microstructure fiber^, Optics Express, Vol.7 
No.3, pag.1 13-121 (2000) study the higher order guided modes in an air-silica 
microstructure fiber comprising a ring of six large air-holes surrounding a 
Gemianium doped core. They characterize the modes experimentally using an 

20 intra-core Bragg grating. 

Microstructured fibers can reach high optical nonlinearity. The large refractive 
index contrast between silica and air means that it is possible to confine light to 
transverse modes with a dimension of the order of the wavelength of light, 
meaning that such fibers have an effective nonlinearity per unit length 10-100 
25 times higher than that of conventional silica fiber. This characteristic can be 
advantageously exploited in order to reduce the length/power levels required for 
devices based on non-linear effects. 

Raman amplification in a microstructured fiber has been proposed by J.H. Lee et 
al., In "A holey fiber Raman amplifier and all-optical modulator", ECOC 2001 , Th A 
30 4.1 , who demonstrate the use of a short length of highly nonlinear holey fiber to 
obtain strong L-band Raman amplification. Using a 75 m long holey fiber with an 
effective area of 2.85 jim^ they obtain internal gains of over 42 dS and a noise 
figure of about 6 dB at 1640 nm. The loss of the fiber is 40 dB/km. The obtained 
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gain efficiency is 6 dB/W. Further, the authors estimate the Raman gain coefficient 
ga to have a vaiue of 7.6-1 0'^* m/W. 

The Appiicant observes that a gain efficiency of 6 dB/W means that in order to 
realize an amplifier having an internal gain of 20-25 dB, a pump power of more 
5 than 3-4 W should be used. This makes the fiber described in the Lee et al.'s 
article quite unpractical for a real installation in a telecommunications system. 

The Applicant has faced the problem of realizing a Raman amplifier using a 
microstruclured fiber, capable of reaching high gain with low pump power 
requirements- The amplifier should preferably have a low noise figure. The 
10 Applicant has perceived that, in order to have high Raman gain efficiency, that is 
high gain with low pump power, the microstructured fiber should have a high figure 
of merit for Raman amplification, acconding to fonnula [1]. 

The Applicant has observed that by using the fomiula [1] given above for 
calculating the FOM for Raman amplification of the fiber described by Lee et al. in 

15 their article cited above, a value of 0.67 1/W/dB would be obtained, that is a very 
low value. According to the Applicant this is mainly due to the high attenuation 
(40dB) of the microstructured fiber. The Applicant has however recognized that 
even if the attenuation of a microstructured air-silica fiber were lower, the figure of 
merit for Raman amplification of an air-silica fiber would be at most comparable 

20 with the figure of merit for Raman amplification of a conventional dispersion 
compensating fiber or of a conventional highly nonlinear fiber. By applying the 
formula [1] given above, a "besT value of about 10 l/W/dB would be obtained by 
considering a gR of 7.6-10"^* m/W, a very tow attenuation of the microstructured 
fiber at the pump wavelength of 2.6 dB/km and an effective area of 2.85 jim^. That 

25 is, even by considering a very low attenuation of the air-silica microstructured fiber, 
such fiber would have a figure of merit for Raman amplification at most equal to 
the figure of merit obtainable with conventional dispersion compensating or highly 
nonlinear fibers. According to the Applicant, this is due to the higher attenuation of 
the microstructured fibers, that in the best cases up to now can reach values of 

30 about 2.6 dB/km with respect to values lower than 0.5 dB/km for the conventional 
fibers. The "besf result of the figure of merit of an air-silica microstructured fiber 
given above cannot be considered much satisfactory, as the manufacturing of an 
air-silica fiber having a very low attenuation is rather complicated with respect to 



wo 03/055017 



PCT/EPOl/15262 



5 

the manufacturing of a conventional fiber. Further, such result would be obtained 
by using microstaictured fibers having very low effective areas (for example 2.85 
ixm^ in the example reported in 1^ et al. article), giving rise to problems in the 
coupling of the pump radiation and of the optical signal in the microstructured fiber 
5 for amplification. 

The Applicant has found that in order to obtain a microstructured fiber having a 
high figure of merit for Raman amplification without the need of an extremely low 
attenuation or an extremely low effective area, a dopant capable of enhancing the 
Raman effect should be added to silica in the core of a microstructured fiber in 
10 order to make the same suitable for a Raman amplifier, A dopant capable of 
enhancing the Raman effect is a dopant that enhances the value of the Raman 
gain coefficient ga with respect to the Raman gain coefficient of pure silica. A 
preferred suitable dopant is gemianium. 

In a first aspect thereof, the invention relates to a Raman amplifier comprising at 
least one microstructured fiber and at least one pump laser, optically connected to 
one end of said microstmctured fiber, said pump laser being adapted for emitting a 
pump radiation at a wavelength Xp, said microstaictured fiber comprising a silica- 
based core surrounded by a plurality of capillary voids extending in the axial 
direction of the fiber. The core of the microstructured fiber comprises at least one 
dopant added to silica, said dopant being suitable for enhancing Raman effect. 

Preferably, said microstructured fiber may have a maximum Raman gain 
coefficient gR in a wavelength region comprised between 1460 nm and 1650 nm, 
an attenuation Op at said wavelength Xp and an effective area Aai at said 
wavelength Ap, such that (gi^Aeff)/ap is greater than or equal to 5 1/W/dB, more 
25 preferably greater than or equal to 1 0 1/W/dB. 

A prefen'ed dopant suitable for enhancing Raman effect may be gennanium. 

Preferably, the concentration of gemfianlum in the core of the microstmctured fiber 
may be higher than or equal to 8% mol, more preferably higher than or equal to 
10% mol, even more preferably higher than or equal to 20% mol. 
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Preferably, the effective area Aefi of said microstructured fiber may be lower than 
or equal to 10 |im^ at said wavelength Xp, more preferably lower than or equal to 7 
\m? at said wavelength V 

In order to facilitate coupling, the effective area Aeif of said microstmctured fiber 
5 may be higher than or equal to 3 jun^ at said wavelength V 

Advantageously, the attenuation Op of the microstructured fiber may be lower than 
or equal to 10 dB/km at said wavelength Xp, preferably lower than or equal to 5 
dB/km at said wavelength Xp. 

In order to reduce the onset of four wave mixing In WDM systems, the dispersion 
10 of said microstructured fiber may be preferably higher than or equal to 40 
ps/nm/km in absolute value at a wavelength of 1550 nm, more preferably higher 
than or equal to 70 ps/nm/km in absolute value at a wavelength of 1550 nm. 

Preferably, said microstructured fiber may be single mode for wavelengths greater 
than or equal to 1430 nm. 

1 5 In preferred embodiments, the diameter of the voids is comprised between 0.3 and 
4.0 \jm. Further, the distance between said voids may be preferably lower than 4.0 
fim. The ratio between a diameter d of said voids and a distance A between said 
voids may be preferably higher than 0.35. 

Advantageously, the length of said microstructured fiber may be lower than or 
20 equal to 2000 m, preferably tower than 1 000 m. 

in a second aspect thereof, the invention relates a microstructured fiber suitable 
for guiding an optical signal having a wavelength lying in a wavelength band 
comprised between 1460 and 1650 nm, comprising a core surrounded by a 
plurality of capillary voids extending in the axial direction of the fiber. The core 
25 comprises silica and a dopant suitable for enhancing Raman effect The fiber is 
further suitable for guiding a pump radiation having a wavelength Xp shifted with 
respect to at least one wavelength of said wavelength band in a lower wavelengtff 
region according to the Raman shift of said core. The fiber has a maximum Raman 
gain coefficient gR in said wavelength band, and an attenuation Op and an effective 
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area Aeff at said wavelength Ap, such that {g^fi^Vot^ is greater than or equal to 5 
1/W/dB, preferably greater than or equal to 10 1/W/dB. 

In a third aspect thereof, the invention relates a microstructured fiber comprising a 
core surrounded by a plurality of capillary voids extending in the axial direction of 
5 the fiber, said core comprising silica and germanium, characterized In that a 
concentration of gemianium in said core is higher than or equal to 8%. 

Further features and advantages of the present invention will be better Illustrated 
by the following detailed description, herein given with reference to the enclosed 
drawings, in which: 

10 - Rgure 1 schematically shows an embodiment of a Raman amplifier according 
to the invention; 

- Rgure 2 schematically shows an experimental setup for a measure of the 
Raman gain coefficient of a fiber suitable for Raman amplification; 

- Rgure 3 shows several cun/es of figure of merit for Raman amplification 
15 according to formula [1] versus attenuation at a pump wavelength of 1450 nm, 

that can be obtained with a microstructured fiber according to the invention; 

- Rgure 4 compares the on-off gain versus the length of the Raman amplifying 
fiber that can be obtained with a microstructured stmcture fiber according to 
the invention (40a}, with a microstructured fiber having a pure silica core (40b) 

20 and with a highly non-linear fiber according to the prior art (40c); 

- Rgure 5 shows several level curves of the gain that can be obtained with 
microstatctured fibers according to the invention, as a function of the 
concentration of dopant and of the pump powen 

- Rgure 6 shows a portion of a section of an ideal microstructure fiber having 
25 voids disposed according to a hexagonal lattice; 

- Rgures 7 to 10 show several dispersion curves of microstructured fibers 
according to the invention; 

- Rgure 11 shows several level ounces of both chromatic dispersion and 
effective area as a function of the distance between voids and of the ratio 
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between the voids diameter and the distance between voids of microstructured 
fibers according to the invention, with a preferred region highlighted; 

Rgure 12 shows a general dispersion curve of a microstructured fiber in which 
the waveguide dispersion dominates the material dispersion. 

5 Rgure 1 shows an embodiment of a Raman amplifier 1 according to the invention. 
The Raman amplifier 1 comprises a microstructured fiber 2 and at least one pump 
laser 3a, optically connected to one end of the microstructured fiber 2, for example 
through a VilDfA coupler 4. 

In the exemplary preferred embodiment shown in Rg.1 two pump lasers 3a, 3b are 

10 provided, adapted for emitting polarized pump radiation at a wavelength Xp and 
having substantially the same power emission. The two pump radiations are 
coupled together through a polarization beam splitter 5 so that orthogorial 
ix>larization states are sent downstream of the polarization beam splitter 5. The* 
polarization beam splitter 5 is connected to one end of the WDM coupler 4. 

15 Another end of the WDM coupler 4 is adapted to receive an optical signal at a 
wavelength As to be amplified. A third end of the WDM coupler 4 is connected to 
the microstructured fiber 2. The optical connection of WDM coupler 4 to the 
microstructured fiber 2 may comprise focusing lenses or, more generally, a 
corrective optics, in order to optimize the coupling of the optical radiation in the 

20 fiber 2. In the configuration shown in Rg.1, the optical signal and the pump 
radiation are. co-propagating in the microstructured 2. An alternative embodiment 
may provide counter-propagation between optical signal and pump radiation. A 
further alternative embodiment may provide botti co- and counter-propagating 
pump radiation with respect to the optical signal. In other embodiments, not 

25 shown, plural pump sources having different emission wavelengtiis may be 
provided. The Raman amplifier according to the invention may be a single stage 
amplifier, or a multi-stage amplifier, or may be a part of a multi-stage amplifier. 
Further, the Raman amplifier according to tiie invention may be combined with 
other types of amplifiers, such as for example ert^ium doped fiber amplifiers or 

30 semiconductor amplifiers. 

The optical signal may have a wavelength Xs comprised between about 1460 nm 
and 1650 nm, preferably between about 1525 nm and 1625 nm. The radiation 
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emitted by the pump lasers 3a, 3b is related to the signal radiation wavelengths: In 
order to have Raman amplification, the wavelength of the pump lasers should be 
shifted with respect to the signal radiation wavelengths in a lower wavelength 
region of the spectrum, such shift being equal to the Raman shift (see G.P. 
5 Agrawal, "Nonlinear Fiber Optics". Academic Press Inc. (1995), pag.317-319) of 
the material comprised in the core of the microstructured fiber 2 for at least one 
signal radiation wavelength. 

The Raman amplifier according to the invention may be part of an optical 
transmission system, advantageously a WDM transmission system, comprising a 

10 transmitting station, a receiving station and an optical line connecting said 
transmitting station and said receiving station. The transmitting station comprises 
at least one transmitter adapted to emit the optical signal canrying an information. 
For a WDM transmission, the transmitting station comprises a plurality of 
transmitters adapted to emit a respective plurality of optical channels, each having 

15 a respective wavelengtii. In ttiis case, the optical signal is a WDM optical signal, 
comprising different optical channels. The receiving station comprises at least one 
receiver adapted to receive said optical signal and discriminate said infonmation. 
For a WDM transmission, the receiving station comprises a plurality of receivers 
adapted to receive the WDM optical signal and discriminate the information carried 

20 by each optical channel received. The optical line comprises at least one 
transmission optical fiber. At least one amplifier, comprising at least one Raman 
amplifier according to the invention, is pro\^ded along the optical line in order to 
counteract attenuation inti-oduced on tiie optical signal by at least a portion of said 
transmission optical fiber or fibers. Other sources of attenuation can be 

25 connectors, couplers/splitters and various devices, such as for example 
modulators, switches, add-drop multiplexers and so on, disposed along ttie optical 
line. The optical transmission system comprising at least one Raman amplifier 
according to ttie invention can be any Idnd of optical tiBnsmlssion system, such as 
for example a ten'esti^ial transmission system or a submarine transmission system. 

30 The transmission system may also comprise other types of amplifiers, such as for 
example ert)ium doped fiber amplifiers or semiconductor amplifiers, in combination 
with at least one Raman amplifier according to tiie invention. 
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Coming back to Rg.1, the microstructured fiber 2 included in the Raman amplifier 
1 comprises a silica-based core sun'ounded by a plurality of capillary voids 
extending in the axial direction of the fiber 

Preferably, the voids surrounding the core of the microstructured fiber 2 are 
5 disposed so as to provide an effective area Aeff lower than or equal to 10 
more preferably lower than or equal to 7 jim^, the effective area Aes being 
evaluated at the pump wavelength Xp. In case of use of a plurality of pump sources 
having a plurality of wavelength emissions, for the purposes of the evaluation of 
the effective area Aeff the average of the pump wavelengths may be used. A low 
10 effective area advantageously enhances nonlinearity. in particular the Raman 
effect. For the purposes of the present invention, by effective area Aeff it is 
intended a coefficient that can be calculated with the fonnula: 



Aefi = 



]]mx,y)\'dxdy /JJlE(x.y)rdxdy [2] 



where E(x.y) is the electric field of a radiation having a wavelength Xp propagating 
15 in the microstructured fiber in the x-y plane, transverse to the z-propagation 
direction. 

Preferably, the attenuation Op at the pumping wavelength of the microstructured 
fiber 2 is lower than or equal to 1 0 dB/km, more preferably lower than or equal to 5 
dB/km. In case of use of a plurality of pump sources having a plurality of 
20 wavelength emissions, for the purposes of the evaluation of the attenuation Op the 
average of the pump wavelengths may be used. 

In Older to counteract four-wave-mixing, that can arise In case of WDM 
transmisston due to the low effective area of the microstructured fiber 2, the voids 
surrounding the core of the microstmctured fiber may be preferably disposed in 
25 order to have a chromatic dispersion (or simply dispersion) higher than or equal to 
40 ps/nm/km In absolute value, more preferably higher than or equal to 70 
ps/nm/km, at a wavelength of 1550 nm. Techniques readily available to the skilled 
in the art can be used in order to obtain such values of chromatic dispersion. Such 
techniques comprise for example suitably choosing the distance between the 
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voids A, or the void diameter d, or the related ratio d/A, or any combination of 
these parameters. In the articie of West et ai., above cKed, it Is shown how the 
dispersion cun^e of an effective Index photonic crystal fiber changes by modifying 
the ratio d/A from a value of 0.40 to a value of 0.90, with a value of A=1000 nm. 
5 Prefen^ed examples will be given in the following of the present description. 

The voids may be advantageously disposed substantially according to a 
hexagonal lattice, that allows to obtain an almost optimal symmetry of the guided 
mode and a low birefringence of the microstnjctured fiber. 

Preferably, the microstructured fiber 2 is single mode at least In the wavelength 
10 band comprising the optical signal to be amplified. For the purposes of the 
evaluation of the monomodality of the fiber, the 2m cutoff wavelength may be 
used. For transmission at wavelengths around 1550 nm or higher, the 
microstructured fiber 2 is preferably single mode for wavelengths higher than or 
equal to 1430 nm. 

15 In order to meet the preferred specifications for the effective area, and/or the 
dispersion and/or the monomodality of the fiber set above, the geometrical 
characteristics and the disposition of the voids around the core may be found by 
techniques readily available to the skilled In the art Typically, such techniques 
Involve the use of simulation software tools. The voids may have substantially the 

20 same diameter or not: for example, they may be disposed around the core so that 
an inner cladding region comprising voids having a larger diameter with respect to 
an outer cladding region may be defined, as In the US patent 5,802,236 cited 
above. 

Advantageously, the birefringence of the microstnjctured fiber 2 may be low, in 
25 order to reduce the onset of problems related to DGD In the Raman amplifier. 
Preferably, the DGD of the Raman amplifier 1 may be lower than 1/6 of the time 
slot set for the bit rate of the system. For example, a suitable value of maximum 
DGD for a bit rate of 2.5 Gbit/s is about 70 ps. As another example, a suitable 
value of maximum DGD for a bit rate of 1 0 GbWs Is about 20 ps. 

30 In order to Iceep the noise figure of the Raman amplifier 1 low, the length of the 
microstructured fiber 2 may be preferably lower than or equal to 2000 m, more 
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preferably lower than or equal to 1000 m, even more preferably lower than or 
equal to 500 m. 

Preferably, the noise figure of the Raman amplifier 1 may be lower than or equal to 
about 10 dB, more preferably lower than or equal to about 6 dB. 

5 The silica-based core comprises silica and at least one dopant suitable for 
enhancing the Raman effect inside the core of the microstmctured fiber with 
respect to a microstructured fiber having an all-silica core. A preferred suitable 
dopant is gennanium, typically embodied in its oxide GeOz. Other suitable dopants 
can be phosphorus or boron, typically embodied in their oxides P2O5 and B2O3, 
10 respectively. In the remainder of the description, specific reference will be given to 
gennanium doping: the skilled in the art can adapt the teachings given In the 
present description In case of use of another dopant 

By ''dopant suitable for enhancing the Raman effecf it is intended a dopant that 
can enhance the value of Raman gain coefficient gR of the material comprised in 

15 the core of the microstructured fiber with respect to the value of the Raman gain 
coefficient of pure silica. For the purposes of the present Invention, In order to 
understand If a dopant is suitable for enhancing the Raman effect reference 
should be made to the bulk value of the Raman gain coefficient of the material 
comprised In the core of the microstructured fiber with respect to the bulk value of 

20 the Raman coefficient of pure silica. 

It has to be noticed that in the literature relating to optical fibers, with "Raman gain 
coefficienf It is intended either the gR coefficient or the ratio g^fii^. In the present 
description for Raman gain coefficient it is intended the qh coefficient 

An estimatton of the Raman gain coefficient gR of a microstructured fiber having a 
25 silica-based core further comprising germanium may be obtained by the 
gennanium concentration C in the core, according to the following approximated 
formula [3]: 

gR = gRsio2(i -C) + gRQe02-C [3] 

where gssm is the Raman gain coefficient of pure bulk silica and gRQe02 ^ the 
30 Raman gain coefficient of pure bulk gennania. A value reported in literature for 
gRsio2 at a wavelength of 1.55 jim is of about 7.74 10'^^ m/W; a value reported in 
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literature for gRGeoa at a wavelength of 1.55 |im is of about 59.35 10*^^ m/W (see 
for example Lines, 1=)aman-gain estimates for high-^iain optical fibers, J. Appl. 
Phys. ^(11), pag.4363^70 (1987)). Formula [3] gives a theoretical bulk value of 
the Raman gain coefflcient gR. In order to estimate more predsely tiie actual value 
5 of the Raman gain coefficient gp in tiie core of tiie fiber, tiie value estimated by 
fomiula [3] nriay be lowered by considering a less tiian complete Raman coupling 
between tiie signal propagating in tiie fiber and the pump radiation, due to a partial 
loss of signal radiation in the cladding of tiie fiber. This effect can be tai<en into 
account by multiplying tiie value of gR estimated witti the fonnula [3] by a 

10 corrective factor (RcofB/Rlno<te)^ wherein Rcore is the radius of the fiber core and 
Rnuxie is the radius of the mode of tiie signal radiation that propagates into ttie 
fiber. In this respect, Applicant believes that for a microstructured fiber such a 
corrective factor may be lil<ely ignored, as the mode confinement in tiie core of a 
microstructured fiber is very effective, ttianks to the high refractive difference 

15 between core and cladding due to the presence of the axlally extending voids. 
Anottier corrective factor that may be applied to a value obtained by formula [3] in 
order to have a good estimation of gR is due to a possible less tiian perfect 
alignment between the polarization states of the signal radiation and of tiie pump 
radiation during tiie propagation into the fiber. This lowers tiie effectiveness of the 

20 Raman ampiiflcation in tiie fiber. However, a substantial independence of 
polarization may be obtained by coupling two pump sources tiirough a polarization 
beam splitter as explained with reference to fig.1 . 

As an example, with a gennanium concentration of 20% mol in the core of a 
microstructured fiber, tiie formula [3] would give a value of gR of about la-OfrlO'^"* 
25 m/W. 

For a more precise evaluation of tiie actual value of tiie Raman gain coefficient gR 
of tiie fiber, an experimental setup as tiie one shown in fig.2 may be used. In fig.2 
a laser source 20, tunable botti In wavelengtti and in emitted power, is connected 
to a first 1x2 power splitter 21 . The laser source 20 may comprise for example a 
30 wavelengtti tunable laser 20a, an erbium doped fiber amplifier 20b and a variable 
attenuator 20c. A first power meter 22 is connected to one of tiie two output ports 
of the power splitter 21. A pump system 23 is connected to one input port of a 
WDIVI coupler 24. The pump system 23 comprises two pump lasers 23a, 23b 
having substantially the same wavelength emission and substantially the same 
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power emissibn, coupled to a polarization beam splitter 23g In such a manner as 
orthogonal polarization states are directed towards the WDM coupler 24. The 
second output port of the power splitter 21 is connected to a second Input port of 
the WDM coupler 24. The output port of the WDM coupler 24 Is connected to the 
Input port of a second power splitter 25. A second power meter 26 Is connected to 
one output port of the power splitter 25. A piece of optical fiber tenninated with a 
first connector 27 is connected to the second output of the power splitter 25. Rrst 
and second power splitter 21, 25 may be for example 90/10 power splitters. The 
"10%" output port of the power splitters should be connected to the power meters 
22, 26. The fiber to be tested, indicated with the reference number 28 in fig.2, Is 
optically connected during the measure between the first connector 27 and a 
second connector 29. The optical connection of the fiber 28 to be tested and the 
connectors 27, 29 may comprise focusing lenses or, more generally, a con-ective 
optics, in order to optimize the coupling of the optical radiation in the fiber 28. 
Finally, an optical spectmm analyzer 30 is connected to the second connector 29. 

With the experimental setup of flg.2, a curve of gR of the fiber 28 versus the 
wavelength of a signal radiation can be detemiined. The laser source 20 simulates 
the emission of a signal radiation and should be suitable for emitting radiation of 
wavelengths comprised in a wavelength range of interest A preferred wavelength 
range is comprised between 1460 nm and 1650 nm. Pump lasers 23a and 23b 
have an emission wavelength that is related to the wavelength range of the laser 
source 20 used for the measure, according to the expected Raman shift. With 
silica-germania fibers, the frequency of the radiation emitted by the pump lasers 
23a, 23b should be 13.2 THz lower than the frequency of the radiation emitted by 
the laser source 20. For example, the wavelength range of interest may be 
between 1525 nm and 1575 nm: for such wavelength range, suitable pump lasers 
to be used should have a wavelength comprised between about 1425 and 1475 
nm. A cun^e of gR versus the wavelength range of Interest can thus be plotted for 
the chosen pump wavelength (the same pump wavelength for the whole 
wavelength range of Interest). For the purpose of the gR evaluation, the maximum 
value of gR in the wavelength range of interest is used. Different curves may be 
detemiined for each pump wavelength comprised In the useful pump wavelength 
range. In such case, the best value among the maximum qr is used. 
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The test should be carried but in the following way. With no test fiber 28 connected 
between connectors 27, 29, a calibration of the emitted power of the laser source 
20 and of the pump system 23 is performed. For the calibration of the power meter 
22, the pump lasers 23a, 23b are switched off, so that only radiation coming from 
5 the laser source 20 is directed towards the power meter 22 and a further power 
meter connected to the first connector 27. The calibration is made by equalizing 
the power read at the first power meter 22 with the power read at the further power 
meter connected to the connector 27. A similar calibration Is made for the power 
meter 26, by switching off the laser source 20 and using the pump system 23. For 

10 the measure, the fiber to be tested 28 is connected between the connectors 27, 29 
and both the laser source 20 and the pump system 23 are switched on, both 
emitting a continuous wave radiation. The erbium doped fiber amplifier 20b and 
the variable attenuator 20c may be used in order to vary the emitted power of the 
signal radiation. For each signal wavelength in the range of interest, the optical 

15 spectrum analyzer 30 gives the power Pout output by the fiber 28 under test. The 
signal radiation power Pm input into the fiber 28 can be in turn evaluated by the 
first power meter 22, once the calibration acconling to what stated above has been 
done. The ratio Pout / Pm gives the gain G. In order to correctly calculate the gain 
G, possible optical losses caused by the optical connections of the fiber 28 under 

20 test to the connectors 27, 29 should be added to the value of output power Pout 
read on the spectrum analyzer 30. 

The gain G thus detennined is related to the Raman gain coefficient gR by the 
following formula [4]: 

G=exp(gH 

Fpump U/Aefl,) [41 

25 where Ppump is the pump power of only one of the pump lasers 23a, 23b, is the 
effective area of the fiber 28 at the pump wavelength and Uff is an effective length 
related to the length of the fiber 28 and to the attenuation of the fiber osp at the 
pump wavelength by the following formula [5]: 

30 The fomiula [4] gives a gain I<nown as "on-off gain". If the attenuation 
characteristics and the effective area of the fiber 28 are known, the value of gR for 
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any signal wavelength can be determine. If the effective area of the fiber 28 at 
the pump wavelength is not known vrith good precision, the value of the ratio 
gR/Aeff can be detemnined. In order to use the fomiula [4], the measure should be 
carried out in the so called '^mall signal regime", that is by ensuring that the signal 
5 radiation power and the pump radiation power are such that saturation is not 
caused in the fiber 28. In order to verify such a case, a small enhancement of the 
input signal power (for example 1 dB) should con^espond to an equal small 
enhancement of the output power from the fiber 28 under test On the other hand, 
a smaller enhancement of the output power with respect to the enhancement of 
1 0 the input power indicates that the fiber is in saturation regime. 

The germanium concentration C in the core of tiie microstructured fiber, as well as 
tiie attenuation Op at tiie pump wavelengtii and tiie effective area at tiie pump 
wavelength of ttie microstructured fiber, may be preferably chosen so as to obtain 
a value of at least 5 1/W/dB for tiie figure of merit for Raman amplification given by 

15 the above fomiula [1], preferably of at least 10 1/db/W. A value of at least 5 
lyW/dB for ttie figure of merit allows to obtain high gain efficiency for tiie Raman 
amplifier 1, that is a high gain of tiie Raman amplifier can be obtained with low 
pump power requirements. With such values of figure of merit, a single stage of a 
Raman amplifier according to the invention may obtain a gain of 15 dB with less 

20 than 200 mW of pump radiation power per pump laser, with a length of 
microstructured fiber in a range of about 500-2000 m. Higher values of figure of 
merit for Raman amplification, for example of 15 ITW/dB may be obtained with tiie 
microstructured fiber according to the invention, thus allowing higher Raman 
efficiency. 

25 It has to be noticed ttiat In a micnsstructured fiber the voids provided in the 
cladding of ttie fiber act to lower ttie effective refractive index below the refractive 
index of the core. The properties of light confinement, for example ttie effective 
area of tiie fiber, depends practically only on ttie disposition of the voids around 
the core and not on a difference between the actual refractive index of tiie core 

30 and the actual refractive index of tiie cladding. This means that in the 
microstmctured fiber 2, comprising germanium, or another dopant suitable for 
enhancing Raman effect, In the core, the characteristics of light confinement do 
not practically depend on tiie concentration of germanium. This even allows the 
possibility of using very high concentrations of germanium in the core of ttie 
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microstructured fiber 2, in order to reach very high values of qr. In practice, the 
only constraint that can limit the concentration of gennanium in the core of the 
nfilcrostructured fiber 2 may be imposed by technological limits in the 
manufacturing process of the gemnanium-sillca core. Typically, a concentration 
5 higher than 30% of gemnanlum may be problematic to implement. Preferably, the 
germanium concentration in the core of the microstructured fiber 2 may be higher 
than or equal to 8% mol, more preferably higher than or equal to 10% mol, even 
more preferably higher than or equal to 20%. 

On the contrary, In a conventional gennanium-silica optical fiber having a 
10 gennanium-silica core and a silica cladding the confinement of light depends on 
the refractive index difference between the core and the cladding determined by 
the presence of germanium In core. In this case, the concentration of germanium 
cannot be enhanced writhout constraints, as the refractive Index of the core 
depends on such concentration, and an uncontrolled enhancement of the 
15 gemnanlum concentration in the core would affect basic optical characteristics of 
the fiber, such as for example the monomodality of the fiber, the effective area, the 
attenuation and so on. In particular, the effective area and the gennanium 
concentration results to be correlated with each other. On the other hand, such a 
correlation can be avoided with a microstmctured fiber. 

20 The above feature is very important, in that an uncorrelation between the effective 
area and the concentration of gennanium in the core of the Raman amplifying fiber 
allows to separately control the two parameters gR and Aeff. As said, gR can be 
enhanced by providing a high gennanium concentration in the core. This, in turn, 
allows to keep a higher value for the effective area of the microstructured fiber 

25 (controlled by the disposition of the voids), still maintaining an acceptable value of 
figure of merit for Raman amplification. Preferably, the effective area of the 
microstructured fiber may be higher than or equal to 3 pm. More preferably, values 
of effective area comprised In a range between 4 and 6 ^m^ may be used. This is 
Important in order to facilitate coupling of the optical signal and of the pump 

30 radiation in the microstmctured fiber 2. In this respect, it has to be noticed that in a 
conventional fiber minimum values of effective area in the range between 10-15 
fim^ are reached without affecting basic optical properties of the fiber, i.e. higher 
values with respect to those obtainable with a microstructured fiber. 
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Further, ias the attenuation of a mic^ostaictured fiber is still, up to now; quite higher 
than the attenuation of a conventional fiber (2.6 dB/km in the best cases for the 
fonner, lower than 0.5 dB/km for the latter), a higher value of Raman gain 
coefficient gR allows to maintain a high figure of merit for Raman amplification 
5 even in case of relatively high attenuations, in this respect, it has to be noticed that 
an even high gemianium concentration does not introduce a significant amount of 
attenuation in a microstructured fiber, as compared with the attenuation introduced 
by the manufacturing method. This is not taie in a conventional fiber, that has a 
much lower attenuation: In such case, in order to reach an acceptable value of 
10 figure of merit according to fomiula [1], the weight of an even small attenuation 
enhancement (for example 0.2 dS) for a conventional fiber would be much more 
problematic with respect to the same attenuation enhancement experienced by a 
microstructured fiber. 

Thus, according to the invention, in a microstructured fiber comprising a dopant 
15 suitable for enhancing the Raman effect, the three parameters gp, Aeff and Op can 
be separately controlled in order to reach an acceptable value of figure of merit for 
Raman amplification. Advantageously, the Raman gain coefficient can be made 
high without practically affecting the effective area or substantially affecting the 
attenuation of the fiber. Advantageously, the higher attenuation of the 
20 microstructured fiber with respect to a conventional fiber can be compensated by a 
reduction of the effective area and/or by an enhancement of the Raman gain 
coefficient. Advantageously, the actual value of the effective area of the fiber can 
be chosen by taking Into account practically only the coupling between the 
microstructured fiber and the other components of the Raman amplifier. 

25 On the other hand, with respect to a microstmctured fiber having pure silica in the 
core, the microstructured fiber according to the inventbn has advantageously a 
higher value of the Raman gain coefficient gn. This allows to maintain high values 
of figure of merit for Raman amplification even with relatively high values of 
effective area. This facilitates coupling of the microstructured fiber to the other 

30 components of a Raman amplifier. 

The following are preferred summarized specifications for a mterostructured fiber 
according to the invention, for a Raman amplifier suitable for amplification in a 
wavelength range around 1 550 nm: 
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Raman enhancing dopant: GeOs; 
GeOa concentration: 20-25% mot; 

Attenuation at 1450 nm (pump wavelength): less than 5 dB/km; 
Attenuation at 1550 nm (signal wavelength): less than 5 d^km; 
5 Effective area at 1450 nm: 4-6 fim^ 
Rber length: 400-2000m; 

Dispersion at 1550 nm: more than or equal 40 ps/nm/km In absolute value; 
Cutoff wavelength: less than 1430 nm; 
Voids diameter (d): 0.3-4.0 fim; 
1 0 Distance between voids (A): less than 4 {tm; 
Ratio d/A: more than 0.35; 

Cladding dlameten more than 100 \m, typically 125 \m (for compatibility with 
standard fibers). 
Example 1 

15 Figure 3 shows several curves representing the figure of merit for Raman 
amplification according to formula [1] versus the attenuation at the pump 
wavelength for a microstructured fiber having a silica core doped with 20% mol of 
germania. In order to plot the curves, a value of Qb at 1550 nm of 18-10'^'* m/W has 
been assumed for the microstructured fiber. Different curves correspond to 

20 different values of effective area of the fiber, according to the legend added in 
fig.3. 

As it can be seen, values of figure of merit of about 10 1/dB/W can be obtained 
with relatively high values of both attenuation (3-4 dB/km) and effective area (4-6 
\vrr?). This is advantageous, as a relatively high value of attenuation allows to use 
25 an easier manufacturing process, while a relatively high value of effective area 
facilitates coupling. 

Witii lower values of attenuation and/or effective area, exceptionally high values of 
figure of merit may be obtained (> 15 1/dB/W). This is important mainly in view of 
possible future improvements in the manufacturing process of microstructured 
30 fibers in order to reduce the attenuation below values of 2 dB/km. 

Example 2 

The Applicant has made a series of simulations for a configuration of a Raman 
amplifier according to fig.1. A signal having a wavelength of 1550 nm and a pump 
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radiation having a wavelength of 1450 nm were considered. The power emitted by 
each pump laaer was supposed to be 200 mW. Figure 4 shows three curves 
representing the on-off gain that can be obtained by using for the Raman amplifier 
a microstructured fiber according to the invention (curve 40a), a microstructured 
5 fiber having a pure silica core (curve 40b) and a High Non-Linear Rber according 
to the article of Tsuzald et al. (cun^e 40c), versus the length of the fiber. The on-off 
gain was calculated by using formulae [4], [5]. A value of 18-10'^^ m/W at 1550 nm 
of the Raman gain coefficient, an effective area of 5 im^ and an attenuation at the 
pump wavelength of 1450 nm of 4 dB/km have been assumed for plotting the 

10 curve 40a. A value of 7.74-10-^^ m/W at 1550 nm of the Raman gain coefficient, an 
effective area of 5 \ux\^ and an attenuation at the pump wavelength of 1450 nm of 
4 dB/km have been assumed for plotting the curve 40b. According to the article of 
Tsuzaici et al., a value of the ratio gg/Aerf of 6.50-10^ and an attenuation of 0.7 
dB/lcm at the pump wavelength of 1450 nm have been assumed for plotting the 

15 curwe 40c. As It can be seen from fig.4, curve 40a is the highest one and allows to 
reach high on-off gains (15-20 dB) within a relatively short length of fiber in the 
range of 500-1 000m. Advantageously, such short length allows to obtain low noise 
figure of a Raman amplifier and allows to set a very compact pacl<age for a 
lumped amplifier. Differently, cun^e 40b, representing tiie on-off gain obtainable 

20 witii a microstructured fiber having a pure silica core, reaches a lower gain with 
respect to curve 40a; for fliis fiber, in order to enhance the maximum obtainable 
gain, the effective area should be lowered, with a consequent arising of coupling 
problems. Cun^e 40c reaches an even lower on-off gain within a longer length of 
fiber (about 2.5 km). 

25 Example 3 

Rg.5 shows a series of level curves of the Raman gain peak tiiat can be reached 
by a microstructured fiber according to the invention. The Raman gain peak was 
evaluated as G = G^_^e"'^, wherein Goivoff was calculated by using the fomiula 

[4], a is the attenuation of die fiber at the signal wavelengtii and L is tiie length of 
30 the fiber. In order to plot the level curves of fig.5 the maximum value of G versus 
the length L was considered. An effective area of 5 ^m^ an attenuation at the 
pump wavelength of 4.0 dB/km and an attenuation at the signal wavelength of 4.0 
dB/km have been assumed. The level curves are shown In a plot having in the x- 
axis the pump power for each laser source, in a configuration of Raman amplifier 
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having two pump lasers coupled through a polariiation beam splitter, and In the y- 
axis the gemnania concentration. The Raman gain coefficient gn has been 
evaluated for each germania concentration according to fomnula [3]. The value of 
the calculated Raman gain peak is shown In correspondence of the level ounces. 
5 As it can be seen, values of Raman gain pealc higher than 20 dB can be obtained 
with a pump power lower than 300 mW and gemianla concentrations higher than 
10%. 

Example 4 

in order to design a microstructured fiber having the specifications given above, 
10 the Applicant has made a series of simulations by using the commercial software 
Beam Prop, marketed by R-Soft, Ossining (New York, USA), that gives a fully 
vectorial propagating solution to the Maxwell equations. Typical parameters to be 
evaluated for a microstructured fiber are the diameter of the voids d and tfie 
distance between the voids A. The voids are assumed to ideally have tiie same 
15 diameter and to be disposed around the core according to an ideal regular 
hexagonal lattice. Fig. 6 shows a portion of a section of this ideal microstructured 
fiber, comprising a core 60 and a plurality of voids 61 disposed around ttie core 
60. 

A core comprising silica and a 20% mol of gemianium is assumed. The refractive 
20 indexes and tiie material dispersion of the core are given by the Sellmaier 
equations. It is also assumed tiiat the diameter 0 of ttie core is equal to 0.9 A. 
Such a value may avoid tiie diffusion of tiie germanium dopant in the vokls, wKh 
consequent loss of the same dopant. 

Rg.7 shows several dispersion (GVD) curves versus wavelength obtained witii a 
25 value for the distance between the voids A of 2.3 jim. The different curves 
correspond to different values of tiie ratio d/A, according to the legend added in 
fig.7. As it can be seen, an increase In the ratio d/A results in an oscillation of the 
dispersion curve and in a shift of the curve to higher wavelengths. Such oscillation 
is due to the fact that for large d/A tiie total dispersion is strongly dominated by 
30 waveguide dispersion, in spite of material dispersion. 

Rg.8 shows several dispersion curves versus wavelengtti obtained witti a ratio d/A 
equal to 0.8. The different ounces con-espond to different values of distance 
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between voids A, acoording to the legend added in fig.8. As it can be seen, an 
increase of the lattice pitch A gives a shift of the dispersion curve to higher 
wavelengths and a weaic lowering of the amplitude of the oscillation. 

Fig.9 shows three dispersion ounces versus wavelength obtained with a ratio d/A 
5 equal to 0.5. The different curves correspond to different values of distance 
between voids A, according to the legend added in fig.9. A vertical dashed line 
highlights the wavelength of 1550 nm. The increase of the lattice pitch A results in 
a small decrease of dispersion and in an increase of the effective area, 
respectively of 5.00 ^lm^ 5.50 jun^ 6.20 fun^ 

10 Rg.10 shows several dispersion ounces versus wavelength obtained with a ratio 
d/A equal to 0.9. The different cunres con-espond to different values of distance 
between voids A, according to the legend added in fig.g. A vertical dashed line 
highlights the wavelength of 1550 nm. The increase of the lattice pitch A results in 
a small decrease of the dispersion and in an increase of the effective area, 

15 respectively of 2,90 jim^ 4.00 fim^ 5.40 fun^ As it can be seen, smaller values of 
effective area are obtained with an increase of the ratio d/A (at the same value of 
A), together with an enhancement of the dispersion at 1550 nm, with respect to 
the cases shown in fig.9. 

Table 1 summarizes a set of preferred embodiments of microstructured fibers 
20 satisfying at least some of the specifications given above: 

Table 1 



d/A 


A(jun) 


Effective Area at 


Dispersion at 1550 


Number of guided 






1550 nm ()im^ 


nm (ps/nm/km) 


modes at 1430 nm 


0.5 


1.85 


4.55 


+80 


1 


0.5 


2.00 


5.00 


+70 


1 


0.5 


2.15 


5.50 


+59 


1 


0.6 


2.00 


4.30 


+86 


1 


0.6 


2.15 


4.80 


+83 


2 


0.6 


2.30 


5.20 


+80 


2 


0.7 


2.50 


5.20 


+92 


3 


0.9 


3.00 


5.40 


+102 


■? 
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Rg.11 schematically shows several level curves for the dispersion and the 
effective area in a plot having the lattice pitch A (in lun) in the x-axls and the ratio 
d/A in the y-axis. A further straight line referenced as 110 roughly separates a 
5 region in which the fiber is single mode at 1430 nm (below line 110) from a region 
in which the fiber Is multimode at 1430 nm (over line 110). A prefenred region in 
which the microstruotured fiber is single mode, has an effective area of between 
4.3 ^m^ and 5.5 iim^ and a dispersion higher than about 60 ps/nm/lcm can be 
defined in fig.11, in which the ratio d/A is comprised between about 0.4 and 0.6 
10 and the lattice pitch A is comprised between about 1.85 and 2.15 (un. A more 
preferred region is highlighted, corresponding to a ratio d/A comprised between 
about 0.5 and 0.55 and to a lattice pitch A comprised between about 1.95 and 2.10 
)tm. 

Exqmpl?5 

15 Fig.12 schematically shows a general dispersion curve having an oscillation for a 
microstruotured fiber in which ttie waveguide dispersion dominates flie material 
dispersion. As it can be deduced from fig.12, high absolute values of dispersion 
can be obtained in the regions labeled by A, B, C, D. Thus, ttie lattice pitch A and 
the ratio d/A should be varied in order to malce tiie waveiengtii region around 1550 

20 nm corresponding to one of the regions A, B, C, D. In tiie previous example 4 such 
technique has been exploited for region B. The Applicant has however verified that 
is in practice difficult to shift the dispersion curve so as to make the region A or the 
region D to correspond to a waveiengtii region around 1550 nm. On tiie other 
hand, a successful shift was obtained for region C Microstruotured fibers having 

25 high negative dispersion in the wavelength region around 1550 nm can be 
obtained by making the ratio d/A higher than or equal to 0.7 and the lattice pitch 
lower than 2.0 |xm. Single mode fibers at 1430 nm can still be obtained. The 
effective area of such fibers results around a value of about 2 fim^. 

A set of tiie characteristics of an exemplaiy microstruotured fiber according to tiie 
30 above is summarized In tiie following table 2. 

Table 2 
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Distance between voids [A] 




1.1 


Diameter/distance [d/A] 




0.8 


Core Diameter p] 


\im 


0.99 


Effective area @ 1550 nm 




1.73 


Dispersion @ 1550 nm 


Ps/nm/knn 


-89 
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CLAIMiS 

1 . Raman amplifier comprising at least one mlcrostructured fiber and at least one 
pump laser, optically connected to one end of said microstructured fiber, said 
pump laser being adapted for emitting a pump radiation at a wavelength Xp, 

5 said microstructured fiber comprising a silica-based core surrounded by a 
plurality of capillary voids extending in the axial direction of the fiber, 
characterized in that said core comprises at least one dopant added to silica, 
said dopant being suitable for enhancing Raman effect. 

2. Raman amplifier according to dalm 1, said microstoictured fiber having a 
10 maximum Raman gain coefficient gR in a wavelength region comprised 

between 1460 nm and 1650 nm, an attenuation Op at said wavelength Xp and 
an effective area Aeif at said wavelength Xp, characterized in that said 
maximum Raman gain coefficient gR, said attenuation Op and said effective 
area Aeff are such that (gR/Aerr)/ocp is greater than or equal to 5 1/W/dB. 

15 3. Raman amplifier according to claim 2, characterized in that said maximum 
Raman gain coefficient gR, said attenuation Op and said effective area Aeff are 
such that (gR/Aeff)/ap is greater than or equal to 10 1/W/dB. 

4. Raman amplifier according to any one of claims 1 to 3, characterized in that 
said dopant Is chosen in a group comprising gemianlum, phosphorus and 

20 boron. 

5. Raman amplifier according to claim 4 characterized in that said dopant is 
germanium. 

6. Raman amplifier according to dalm 5, characterized in that a concentration of 
gemianium is higher than or equal to 8% mol. 

25 7. Raman amplifier according to daim 6, characterized in that said concentration 
is higher than or equal to 20% mol. 

8. Raman amplifier according any one of the preceding claims, characterized In 
that an effective area Ae^ of said microstructured fiber is lower than or equal to 
1 0 pxr^ at said wavelength V 
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9. Raman amplifier according to daim 8, characterized in tliat said effective area 
is lower than or equal to 7 at said wavelength Xp. 

10. Raman amplifier according to any one of the preceding claims, characterized 
in that an effective area Aeff of said microstructured fiber is higher than or equal 

5 to 3 lun^ at said wavelength V 

11. Raman amplifier according to any one of the preceding claims, characterized 
in that an attenuation Op of said microstructured fiber is lower than or equal to 
1 0 dB/km at said wavelength V 

12. Raman amplifier according to claim 11, characterized in that said attenuation 
10 Op Is lower than or equal to 5 dB/km at said wavelength V 

13. Raman amplifier according to any one of the preceding claims, characterized 
In that a dispersion of said microstructured fiber is higher than or equal to 40 
ps/nm/km In absolute value at a wavelength of 1550 nm. 

14. Raman amplifier according to claim 13. characterized In that said dispersion is 
15 higher than or equal to 70 ps/nm/km In absolute value at a wavelength of 1550 

nm. 

15. Raman amplifier according to any one of the preceding claims, characterized 
in that said microstmctured fiber is single mode for wavelengths greater than 
or equal to 1430 nm. 

20 16. Raman amplifier according to any one of the preceding claims, characterized 
in that a diameter of said voids is comprised between 0.3 and 4.0 (xm. 

17. Raman amplifier according to any one of the preceding claims, characterized 
in that a distance between said voids Is lower than 4.0 fim. 

18. Raman amplifier according to any one of the preceding claims, characterized 
25 in that a ratio between a diameter d of said voids and a distance A between 

said voids is higher than 0.35. 

19. Raman amplifier according to any one of the preceding claims, characterized 
in that a distance A between said voids Is comprised between 1.85 \im and 
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2.1^ ^m, and a ratio d/A between the diameter d of said voids and said 
distance A is comprised between 0.4 and 0.6. 

20. Raman amplifier according to any one of claims 1 to 18, characterized in that a 
distance A between said voids Is lower than 2.0 ^m, and a ratio &A between 

5 the diameter d of said voids and said distance A Is higher than 0.7. 

21 . Raman amplifier according to any one of the preceding claims, characterized 
in that a length of said microstructured fiber is lower than or equal to 2000 m. 

22. Raman amplifier according to claim 19, characterized in that the length of said 
microstructured fiber is lower than or equal to 1 000 m. 

10 23. Raman amplifier according to claim 19, characterized in that the length of said 
microstructured fiber is lower than or equal to 500 m. 

24. A microstructured fiber suitable for guiding an optical signal having a 
wavelength lying In a wavelength band comprised between 1460 and 1650 
nm, comprising a core sun-ounded by a plurality of capillary voids extending In 

1 5 the axial direction of the fiber, said core comprising silica and a dopant suitable 
for enhancing Raman effect, said fiber being further suitable for guiding a 
pump radiation having a wavelen0h Xp shifted with respect to at least one 
wavelength of said wavelength band in a lower wavelength region according to 
the Raman shift of said core, said fiber having a maximum Raman gain 

20 coefficient gR in said wavelength band, and an attenuation Op and an effective 
area A^fi at said wavelength Xp, characterized in that said maximum Raman 
gain coefficient ga, said attenuation ocp and said effective area Aeff are such that 
(gR/AeffVop is greater than or equal to 5 1/W/dB. 

25. A microstructured fiber according to claim 24, characterized In that said 
25 maximum Raman gain coefficient gR, said attenuation Op and said effective 

area Aen are such that (gR/Aeff)/ap is greater than or equal to 1 0 1/W/dB. 

26. A microstructured fiber according to claim 24 or 25, characterized in that said 
dopant is chosen in a group comprising germanium, phosphoms and t)oron. 
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27. A microslructured fiber comprising a core surrounded by a plurality of capillary 
voids extending In the axial direction of the fiber, said core comprising silica 
and gennanium, characterized in that a concentration of germanium in said 
core is higher than or equal to 8%. 

5 28. A microstructured fiber according to claim 27, characterized in that said 
concentration of germanium is higher than or equal to 20%. 

29. A microstructured fiber according to any one of claims 24 to 28, characterized 
in that an effective area Aefi of said microslructured fiber is lower than or equal 
to 10 |im^ at said wavelength V 

10 30. A microstructured fiber according to claim 29, characterized in that said 
effective area is lower than or equal to 7 jun^ at said wavelength Xp. 

31 . A microstructured fiber according to any one of claims 24 to 30, characterized 
in that an effective area Aeff of said microstructured fiber Is higher than or equal 
to 3 fim^ at said wavelength V 

15 32. A microstructured fiber according to any one of claims 24 to 31 , characterized 
in that an attenuation Op of said microstructured fiber is lower than or equal to 
10 dB/km at said wavelength Xp. 

33. A microstructured fiber according to claim 32, characterized In that said 
attenuation ocp is lower than or equal to 5 dB/km at said wavelength Xp. 

20 34. A microstructured fiber according to any one of claims 24 to 33, characterized 
in that a dispersion of said microstructured fiber is higher than or equal to 40 
ps/nm/km in absolute value at a wavelength of 1550 nm. 

35. A microstructured fiber according to claim 34, characterized In that said 
dispersion is higher than or equal to 70 ps/nm/km In absolute value at a 

25 wavelength of 1550 nm. 

36. A microstmctured fiber according to any one of claims 24 to 35, characterized 
in that said microstmctured fiber is single mode for wavelengths greater than 
or equal to 1430 nm. 
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37. A microstructured fiber aocording to any one of claims 24 to 36, characterized 
in tliat a diameter of said voids is comprised between 0.3 and 4.0 iim. 

38. A microstructured fiber according to any one of claims 24 to 37, diaracterized 
in tiiat a distance between said voids is lower than 4.0 jim. 

5 39. A microstructured fiber according to any one of claims 24 to 38, characterized 
in that a ratio between a diameter d of said voids and a distance A between 
said voids is higher than 0.35. 

40. A microstructured fiber according to any one of claims 24 to 39, characterized 
in that a distance A between said voids is comprised between 1.85 pim and 

10 2.15 \m\, and a ratio d/A between the diameter d of said voids and said 
distance A is comprised between 0.4 and 0.6. 

41 . A microslniclured fiber aocording to any one of claims 24 to 39, characterized 
in that a distance A between said voids is lower than 2.0 )im, and a ratio d/A 
between the diameter d of said voids and said distance A is higher than 0.7. 

15 42. An optical transmission system comprising a transmitting station, a receiving 
station and an optical line between said transmitting station and said receiving 
station, characterized in that said optical line comprises at least one Raman 
amplifier according to any one of claims 1 to 23. 



20 
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